VA

.
s LonLuamos

LA-UR-17-27868

Approved for public release; distribution is unlimited.

Title:
Author(s):

Intended for:

Issued:

Neutron Electric Dipole Moment
Bhattacharya, Tanmoy

Lattice QCD, 2017-08-28 (Santa Fe, New Mexico, United States)

2017-08-31




Disclaimer:
Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC for

the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By approving this
article, the publisher recognizes that the U.S. Government retains nonexclusive, royalty-free license to publish or reproduce the published
form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests that the
publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National Laboratory
strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does not endorse the
viewpoint of a publication or guarantee its technical correctness.



Introduction

Dirac Equation
Lattice Calculation
Two point functions
Three point functions

Neutron Electric Dipole Moment

Tanmoy Bhattacharya

Los Alamos National Laboratory

August 30, 2017

Tanmoy Bhattacharya nEDM



Introduction

Dirac Equation
Lattice Calculation
Two point functions
Three point functions

Standard Model CP Violation
Effective Field Theory

BSM Operators

Form Factors

Introduction
Standard Model CP Violation

Two sources of CP violation in the Standard Model.
L

e Too small to explain baryon asymmetry
« Gives a tiny (~ 10732 e-cm) contribution to nEDM

Dar arXiv:hep-ph/0008248.

» Effects suppressed at high energies
« nEDM limits constrain © < 1010

Crewther et al., Phys. Lett. B88 (1979) 123.

Contributions from beyond the standard model
® Needed to explain baryogenesis
e May have large contribution to EDM

Tanmoy Bhattacharya nEDM
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Effective Field Theory
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Pospelov and Ritz, Ann. Phys. 318 (2005) 119.
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Introduction
BSM Operators

Standard model CP violation in the weak sector.
Strong CP violation from dimension 3 and 4 operators anomalously
small.

e Dimension 3 and 4:

» CP violating mass

» Toplogical charge
e Suppressed by vpw/Maq\:

s Electric Dipole Moment 'LET/LEMVE"I/@/J.

e Chromo Dipole Moment 3, G"").
 Suppressed by 1/MZq\:

» Weinberg operator (Gluon chromo-electric moment):

GHVG)\VGM)\-
» Various four-fermi operators.

Tanmoy Bhattacharya nEDM
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Introduction

Form Factors

Vector form-factors
Dirac F1, Pauli Fy, Electric dipole F3, and Anapole F4

Sachs electric Gg = F1 — (q2/4M2)F2 and magnetic Gy = F1 + Fa

Vs Y Fy(q?
(NVA@INY = Ty |7 Fi(qd) +i 0 220
2 2mN

-+ (Qi MmNY54u — 7;L75q2) 2
N
['Yl“ ’-YV:I F3 (qQ)

9 LA 2my

a4 U

The charge Gg(0) = F1(0) = 0.

Gpr(0)/2M = F2(0)/2M py is the (anomalous) magnetic dipole moment.
F3(0)/2m y is the electric dipole moment.

F 4 and F3 violate P; F'3 violates CP.

[m] = =
Tanmoy Bhattacharya nEDM
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Dirac Equation

Free neutrons
By Lorentz invariance, an on-shell spin—% massive field 1) obeys
(‘eﬁ% I’ + eia75m)¢ =0.

This ‘free’ equation has space-time discrete symmetries:

P P(E 1) = P77 yg (-2, 1)
C: Y(E,t) = i €715 3y (1)
T : (&, t) = — e yyy3 Y (=2, 1)

Even when theory does not have these symmetries,
asymptotic states always do,

but operators have extra 5 phases.

e(=B+ia)15/2 4 has standard phases.

Tanmoy Bhattacharya nEDM
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Dirac Equation

Phase conventions

Consider N = (u“ysd)u with usual phases for v and d.
If theory has C, P, T, N has the same phases.
So, in a symmetric theory, & = 3 = 0.
Otherwise, by Lorentz invariance, we still have
P = [eﬁ(pQ)%H(pZ)p _ eia(pz)vsz(p2)m] !

Like the free Dirac equation, but e(B(P*)=ia(P*)s s not local.

Tanmoy Bhattacharya nEDM
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Dirac Equation
State-dependent phases

By Kallen-Lehman spectral representation, the propagator is

) G—B(NQ)WSP + e~ 7 (12
p? = (Zin (1))

When there is no overall symmetry operator, phases
state-dependent.

Ny = e(=Bmi)+ia(mi))5/2 N has standard transformations and
equation of motion, but only for the neutron; the excited states
have non-standard phases.

> p(u?) Zn (1

Tanmoy Bhattacharya nEDM
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Dirac Equation
Electric Dipole Moment

eo - B is even under C, P and T,
eo - FE is odd under P and 7.

c-B ic-FE
> F )
“\ic-E ¢-B)"
which is o - B in the rest frame iffp +m = 0.
In general, we need to use e!®"Y - .
So, important to use Ny instead of N in analyses.
At the Green's function level, this is

(TN4ONy) = e(BmA)tia(mi))s/2(7 NO N)eBlmi)tio(mi))s/2

Abramczyk, Aoki, Blum, Izubichi, Ohki, and Syritsyn.-arXiv:1701.07792 [hep-lat]
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Methods

Topological charge and Weinberg operator
Quark Electric Dipole Moment

Quark Chromoelectric Moment

Reduction to three-point function
Chromo-edm diagrams

Two methods for calculating the EDM.

® Spin dependent energy in an external electromagnetic field.
» Need to include background EM fields in gauge generation.
« Can ‘reweight’ with disconnected loops.
e EM flux quantized: so large fields in small volumes.

» Need derivative at zero.
® [F3 Form factor

o Need to calculate at non-zero momentum transfer.

or source methods.

Tanmoy Bhattacharya

Need derivative at zero-momentum: difficult on small lattices.
Need disconnected insertion of currents.

Need to account for 75 phase.

Many operators need 4-point functions, analytic continuation,

nEDM



Topological charge and Weinberg operator

Lattice Calculation

Lattice Calculation
Topological charge and Weinberg operator

To find the contribution of ©, we need the correlation between the
electric current and the topological charge. Similar calculation for
the Weinberg operator.

n> —

e

%ﬁﬁ//(l = j(%//(”
J
%<n‘((,5/1,,+(/7/,(/) ‘n> o

(

5)

<n ‘("1/1//11 — d,d) )n>

| =

See also Liu, Liang, Yang, arXiv:1705.06358
Tanmoy Bhattacharya nEDM
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Probably no non-zero signal yet.

Shintani et al., Physical Review D72 (2005) 014504.
Berruto et al., Physical Review D73 (2006) 0545009.
Guo et al., Physical Review Letters 115 (2015) 062001.
Shindler et al., Physical Review D92 (2015) 094518.
Alexandrou et al., Physical Review D93 (2016) 074503.
Shintani et al., Physica Review D93 094503.

need to be reanalyzed.

Methods

Topological charge and Weinberg operator
Quark Electric Dipole Moment

Quark Chromoelectric Moment

Reduction to three-point function
Chromo-edm diagrams

Abramczyk estimate that F3 < 0.076 at 10.

Tanmoy Bhattacharya
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Lattice Calculation
Quark Electric Dipole Moment

Since the quark electric dipole moment directly couples to the
electric field, we just need to calculate its matrix elements in the
neutron state.

<n )d;’, uo*u + d) (70’”’(]‘> =

d) +d] . = [ —d ~ =
”Td <n ‘11{7’”’ u + (](f‘”’(]‘ n> + %(/ <n "{/(f’”’u - (](7’”’(]‘ n>

Tanmoy Bhattacharya nEDM



Lattice Calculation Quark Electric Dipole Moment

Parity mixing higher order in agw: so, result is same as tensor
charge.

206m220

0.90 - . . .
000 005 0.10 0.15 0 006 009 0.12
a(fm) 2 (GeV?)

Results for u + d similar. g% = 0.792(14); g% = —0.194(14).
Disconnected contribution small.

Tanmoy Bhattacharya nEDM



N=2+41 N=2+1+1
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[N
4

Phenomenology

Lattice Calculation

Tanmoy Bhattacharya

Quark Electric Dipole Moment

nEDM

PNDME ’16

LHPC *12
RBC/UKQCD ’10

ETMC '15
RQCD "14
RBC 08

Goldstein 14
Pitschmann'14
Kang 15
Anselmino’13
Bacchetta ’13
Fuyuto *13
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Lattice Calculation

Quark Chromoelectric Moment

nEDM from quark chromoelectric moment is a four-point function:

< ")

/d4:17 ((Z,CI‘ wo” u + (1((1’ J(r””(]) Gor

Tanmoy Bhattacharya nEDM
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Lattice Calculation

Reduction to three-point function

The quark chromo-EDM operator is a quark bilinear.
Schwinger source method: Add it to the Dirac operator in the
propagator inversion routine:

r v r v e
D+m-— §D2+csw§]“ G D+m— §D2+E” (CowGpv +1€G )

The fermion determinant gives a ‘reweighting factor’

det(]p +m — 5D? + M (3y Gy + 1€G 1)
det(D +m — ED? + ¢,y 24 G,

= expTrin [1 + g€ E*“’GW(D +m— gDQ + cst“”GW)_l]

%

exp [ie Tr 24 G (B +m — gDQ + cswE“"GW)fl} :

Tanmoy Bhattacharya nEDM
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Lattice Calculation

Chromo-edm diagrams

The chromoEDM operator is dimension 5.
Uncontrolled divergences unless € < 4raAqep ~ 1.
Need to check linearity.

Tanmoy Bhattacharya nEDM
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Neutron Propagator

Preliminary; Connected Diagrams Only

Tanmoy Bhattacharya nEDM



Linearity

Two point functions

Two point functions
Linearity

Preliminary; Connected Diagrams Only

g ~ 6.6MeV a =~ 0.36 ma for experiments.

30fm

Tanmoy Bhattacharya nEDM



Two point functions Connected 5

Two point functions

Connected 75

a(D +m) +ieys = e (a) + am,) 3%

= =1l €
where o = tan™" =
and ame = +/(am)? + €2

Tanmoy Bhattacharya nEDM



Two point functions

Neutron Propagator

Linearity

Connected 5

al2m310 a09m310
am® = o — -0.0695  -0.05138
aMer = 5 — -0.08058  -0.05943
am = am” — am,, | 0.01108  0.00805
¢ 0.004 0.003
ame 0.01178  0.00859
My 0.1000(4)  0.1404(3)
e M 0.1906(4) 0.1407(3)
My 0.1961(4) 0.1450 (3)
MS x /2| 0.1959(4) 0.1450(3)

Tanmoy Bhattacharya
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F3 Form factor from CEDM

Three point functions

Three point functions
F3 Form factor from CEDM

Figure 4: nal in F3 from the insertion of the cEDM operator in the u (left) and d (right) quarks

Preliminary; Connected Diagrams Only
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Three point functions

Renormalization

RI-SMOM scheme for non-perturbative renormalization worked
out. -
Most divergent mixing with a_zc}swyg,d) even with chiral symmetry.
Effect same as of (as/ma?)G - G.
Current estimates of nEDM:

» CEDM is O(1).

e (as/ma®)G - G contribution is O(1)-0(10) at a ~ 0.1fm
Not present in connected diagrams with good chiral symmetry!
For Wilson fermions, O(a) chiral breaking gives multiplicative
correction.

Tanmoy Bhattacharya nEDM
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